During animal development, the proper regulation of apoptosis requires the precise spatial and temporal execution of cell-death programs, which can include both caspase-dependent and caspaseindependent pathways 1,2 . Although the mechanisms of caspasedependent and -independent cell killing have been examined extensively, how these pathways are coordinated within a single cell that is fated to die is unknown. Here we show that the Caenorhabditis elegans Sp1 transcription factor SPTF-3 specifies the programmed cell deaths of at least two cells-the sisters of the pharyngeal M4 motor neuron and the AQR sensory neuron-by transcriptionally activating both caspase-dependent and -independent apoptotic pathways. SPTF-3 directly drives the transcription of the gene egl-1, which encodes a BH3-only protein that promotes apoptosis through the activation of the CED-3 caspase 3 . In addition, SPTF-3 directly drives the transcription of the AMP-activated protein kinase-related gene pig-1, which encodes a protein kinase and functions in apoptosis of the M4 sister and AQR sister independently of the pathway that activates 5) . Thus, a single transcription factor controls two distinct cell-killing programs that act in parallel to drive apoptosis. Our findings reveal a bivalent regulatory node for caspase-dependent and -independent pathways in the regulation of cell-type-specific apoptosis. We propose that such nodes might act as features of a general mechanism for regulating cell-type-specific apoptosis and could be therapeutic targets for diseases involving the dysregulation of apoptosis through multiple cell-killing mechanisms.
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During animal development, the proper regulation of apoptosis requires the precise spatial and temporal execution of cell-death programs, which can include both caspase-dependent and caspaseindependent pathways 1, 2 . Although the mechanisms of caspasedependent and -independent cell killing have been examined extensively, how these pathways are coordinated within a single cell that is fated to die is unknown. Here we show that the Caenorhabditis elegans Sp1 transcription factor SPTF-3 specifies the programmed cell deaths of at least two cells-the sisters of the pharyngeal M4 motor neuron and the AQR sensory neuron-by transcriptionally activating both caspase-dependent and -independent apoptotic pathways. SPTF-3 directly drives the transcription of the gene egl-1, which encodes a BH3-only protein that promotes apoptosis through the activation of the CED-3 caspase 3 . In addition, SPTF-3 directly drives the transcription of the AMP-activated protein kinase-related gene pig-1, which encodes a protein kinase and functions in apoptosis of the M4 sister and AQR sister independently of the pathway that activates CED-3 (refs 4, 5) . Thus, a single transcription factor controls two distinct cell-killing programs that act in parallel to drive apoptosis. Our findings reveal a bivalent regulatory node for caspase-dependent and -independent pathways in the regulation of cell-type-specific apoptosis. We propose that such nodes might act as features of a general mechanism for regulating cell-type-specific apoptosis and could be therapeutic targets for diseases involving the dysregulation of apoptosis through multiple cell-killing mechanisms.
The C. elegans pharyngeal M4 motor neuron is generated during embryonic development, whereas the M4 sister cell dies by apoptosis soon after its generation ( Fig. 1a) 6, 7 . We constructed a P ceh-28 ::gfp reporter transgene that expresses green fluorescent protein (GFP) specifically in the M4 neuron of wild-type animals and in both the M4 neuron and the surviving M4 sister of ced-3 caspase mutants defective in apoptosis ( Fig. 1b) 8 , allowing us to identify efficiently mutants defective in M4 sister cell death from a large-scale genetic screen. Among our isolates were two non-allelic mutations-n4850 and n4780-which, on the basis of mapping and transformation-rescue studies, are alleles of the genes sptf-3 and pig-1, respectively (Fig. 1b) .
sptf-3 encodes an Sp1 family transcription factor with a characteristic glutamine-rich domain and three C2H2-type zinc finger domains (Fig. 1c ). The n4850 mutant has a single sptf-3 mutation, at a splice acceptor site of the last exon ( Fig. 1c ). In total, 34% of sptf-3(n4850) mutants had a surviving M4 sister, and this cell-death defect was rescued by a transgene carrying only the sptf-3 genomic locus ( Fig. 1e) . A deletion allele of sptf-3, tm607D, and inactivation of sptf-3 by RNA interference (RNAi) both phenocopied the sptf-3(n4850) mutation, demonstrating that a reduction of sptf-3 function causes a defect in M4 sister cell death ( Fig. 1e ).
pig-1 encodes an AMP-activated protein kinase (AMPK)-related protein kinase most similar to mammalian maternal embryonic leucine zipper kinase (MELK); pig-1 is known to regulate the asymmetric cell divisions of several neuroblasts that divide to produce an apoptotic cell, including the M4 sister 4 (Fig. 1d ). The n4780 mutant has a single pig-1 mutation in the kinase domain, changing a conserved glycine at amino acid 172 to glutamic acid (Fig. 1d ). In total, 20% of pig-1(n4780) mutants had a surviving M4 sister, and this cell-death defect was rescued by a transgene carrying only the pig-1 genomic locus ( Fig. 1e) . A presumptive null allele of pig-1, gm344D, and inactivation of pig-1 by RNAi both phenocopied the pig-1(n4780) mutation, demonstrating that a reduction of pig-1 function causes a defect in M4 sister cell death ( Fig. 1e ).
Both sptf-3 and pig-1 are required for the deaths of multiple cells, including the sisters of the AQR neuron, the pharyngeal gland cells 1A (g1A) and the pharyngeal I2 interneurons ( Fig. 1f ). By contrast, neither sptf-3(n4850) nor pig-1(n4780) affected the deaths of the sisters of the pharyngeal neurosecretory motor (NSM) neurons, the sisters of the pharyngeal I1 interneurons or the ventral C (VC) homologues of the ventral nerve cord ( Fig. 1f ). Thus, sptf-3 and pig-1 seem to promote apoptosis in the same subset of cells fated to die, suggesting that sptf-3 and pig-1 have a functional interaction in the regulation of cell death. To identify direct transcriptional targets of SPTF-3 involved in the regulation of M4 sister cell death, we performed chromatin immunoprecipitation with massively parallel DNA sequencing (ChIP-seq) analyses using two different SPTF-3 polyclonal antibodies, N81 and M82, both of which specifically recognized the SPTF-3 protein (Supplementary Fig. 1 ). These experiments identified 2,459 genomic regions that immunoprecipitated with both antibodies (Supplementary Fig. 2a-d and Supplementary Tables 1, 2 ). Gene ontology analysis indicated that SPTF-3 functions in a variety of biological processes ( Supplementary Fig. 2e ), consistent with the observation that sptf-3(n4850), the sptf-3(tm607D) deletion and sptf-3 RNAi knockdown all cause cell-fate transformations, embryonic and larval lethality and morphological abnormalities ( Supplementary Fig. 3 and Supplementary Fig. 4) 9 .
We identified an SPTF-3-bound region immediately upstream of the pig-1 coding region ( Fig. 2a ). This region contains the consensus SPTF-3 binding motif (CGCCC) identified from our ChIP-seq analyses ( Fig. 2b , c). We tested whether the SPTF-3 binding motif of the pig-1 promoter region is necessary for pig-1 to promote M4 sister cell death. A wild-type pig-1 transgene rescued the M4 sister cell-death defect of pig-1(n4780) mutants, whereas neither a pig-1 transgene lacking 71 base pairs of the SPTF-3-bound region of the pig-1 promoter (D71 bp) nor a pig-1 transgene containing mutations in the consensus SPTF-3 binding motif (mut.1) rescued the M4 sister celldeath defect of pig-1(n4780) mutants ( Fig. 2d, e ). The wild-type pig-1 promoter expressed GFP in many embryonic cells, whereas mutant pig-1 promoters lacking the consensus SPTF-3 binding motif (D71 bp and mut.1) did not ( Supplementary Fig. 5 ), indicating that the consensus SPTF-3 binding motif of the pig-1 promoter region is required for pig-1 expression. Furthermore, pig-1 transcript levels in sptf-3(n4850) mutants were decreased by 43% compared to those of wild-type animals ( Fig. 2f ), and expression of a P pig-1 ::gfp transgene was frequently absent from the seam cells, P cells, ALM neurons and AVM neuron of sptf-3(n4850) mutants ( Fig. 2h and Supplementary Fig. 6 ). Conversely, overexpression of sptf-3 from a multi-copy transgene under the control of the sptf-3 promoter induced ectopic expression of pig-1 in the seam cells and the hyp7 hypodermal cells (Fig. 2g, h) . These results indicate that the consensus SPTF-3 binding motif of the pig-1 promoter region is required for pig-1 to promote M4 sister cell death and that SPTF-3 is necessary and sufficient for pig-1 expression, suggesting that SPTF-3 directly drives pig-1 expression in the regulation of M4 sister cell death.
Although SPTF-3 acts through pig-1 to promote M4 sister cell death, our genetic observations suggested that sptf-3 also functions through a pathway distinct from that of pig-1. A partial loss-of-function mutation of sptf-3, n4850, caused a defect in M4 sister cell death more severe than that of the pig-1 null mutation gm344D (Fig. 1e ). The M4 sister cell-death defect of sptf-3; pig-1 double mutants is much more severe than that of either single mutant ( Supplementary Table 3 ). Therefore, we tested whether sptf-3 acts through the pro-apoptotic BH3-only Wild type 
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gene egl-1, which functions in the caspase-dependent pathway of programmed cell death. egl-1 acts through the anti-apoptotic BCL2 homologue ced-9, the pro-apoptotic APAF1 homologue ced-4, and the pro-apoptotic caspase gene ced-3 to drive most cell deaths during the development of C. elegans 3 . As egl-1 is required for M4 sister cell death 8 , we scored egl-1 expression in the surviving M4 sister of ced-3 mutants defective in apoptosis using a P egl-1 ::gfp reporter transgene that expresses GFP under the control of the egl-1 promoter 8 . P egl-1 ::gfp was expressed in the M4 sister (100% of animals; n 5 119) but not in the M4 neuron (0% of animals; n 5 119) in ced-3 mutants (Fig. 3a, b) , indicating that egl-1 is not only required for the apoptosis of, but also is expressed in, the M4 sister. We observed that only 33% of sptf-3(tm607D); ced-3 animals expressed P egl-1 ::gfp in the M4 sister, whereas 100% of pig-1(gm344D); ced-3 animals expressed P egl-1 ::gfp in the M4 sister ( Fig. 3a, b) . Thus, sptf-3 but not pig-1 is necessary for normal egl-1 expression in the M4 sister, suggesting that sptf-3 acts through both the egl-1-mediated apoptotic pathway and the pig-1-mediated apoptotic pathway, whereas pig-1 acts through a pathway distinct from that of egl-1 to promote M4 sister cell death. We next asked whether SPTF-3 directly or indirectly drives egl-1 expression in the M4 sister by examining the egl-1 promoter region using our ChIP-seq data. We found a small but distinct SPTF-3 binding peak immediately upstream of an egl-1 coding region (2.77-or 2.96-fold enrichment compared to an input control in the ChIP-seq experiments using SPTF-3 antibody N81 or M82, respectively) ( Supplementary Fig. 7a ). This SPTF-3-bound region contains two tandem consensus SPTF-3 binding motifs (GGGCGGGGCG) ( Supplementary Fig. 7b ). These results suggest that SPTF-3 binds to this region. As SPTF-3 regulates egl-1 expression in a cell-type-specific manner ( Fig. 3a and Supplementary  Fig. 8 ) and whole embryos are used for ChIP-seq analyses, it is probable that SPTF-3 binds to the egl-1 promoter region in only a small number of cells, resulting in a relatively small binding peak.
To test whether the SPTF-3-bound region of the egl-1 promoter is important for egl-1 to promote M4 sister cell death, we introduced wildtype and mutant egl-1 transgenes into egl-1(n1084 n3082) mutants defective in M4 sister cell death. A wild-type egl-1 transgene, pTH01, rescued the M4 sister cell-death defect of egl-1 mutants, whereas an egl-1 transgene lacking 30 bp of the SPTF-3-bound region of the egl-1 promoter did not (Fig. 3c, d ). To define further the egl-1 promoter region important for M4 sister cell death, we introduced a series of mutations into this 30-bp region (Fig. 3c ). An egl-1 transgene containing mutations in the GC-rich sequence (mut.2), in the 9 bp next to the GC-rich sequence at the 59 side (mut.1), in the 8 bp next to the GC-rich sequence at the 39 side (mut.3) or in both the GC-rich sequence and the 8 bp next to the GC-rich sequence at the 39 side (mut.4) all rescued the M4 sister cell-death defect of egl-1 mutants. By contrast, an egl-1 transgene containing mutations in both in the GC-rich sequence and 9 bp next to the GC-rich sequence at the 59 side (mut.5) did not rescue the M4 sister celldeath defect of egl-1 mutants (Fig. 3d ). These results indicate that an egl-1 promoter sequence containing the consensus SPTF-3 binding motif is required for egl-1 to promote M4 sister cell death, suggesting that SPTF-3 directly drives egl-1 expression in the M4 sister.
To further test the hypothesis that SPTF-3 but not PIG-1 functions through egl-1 in the regulation of M4 sister cell death, we performed epistasis analyses between sptf-3 or pig-1 and ced-9, which functions downstream of egl-1. Because the ced-9(n2812) null mutation causes ectopic cell deaths and organismal lethality, we used a weak ced-3(n2446) mutation in these experiments to suppress ced-9(n2812) lethality ( Fig. 3e) 10 . sptf-3; ced-9 double mutants had nearly the same penetrance of M4 sister survival as that of either single mutant (Fig. 3e ). By contrast, ced-9; pig-1 double mutants were much more highly penetrant for M4 sister survival than either single mutant (Fig. 3e) . These results indicate that sptf-3 and ced-9 act in a linear pathway and that pig-1 and ced-9, and hence pig-1 and the caspase gene ced-3 (considering that ced-9 acts by regulating ced-3) act in parallel in the regulation of the M4 sister cell death, consistent with previous studies that showed that pig-1 regulates other apoptotic deaths independently of ced-3 (refs 4, 5). The C. elegans genome encodes three additional caspase genes: csp-1, csp-2 and csp-3. We observed that csp-3; csp-1; csp-2 triple mutants were not defective in M4 sister cell death (0% of M4 sister survival; n 5 120). Because pig-1 mutants are defective in M4 sister cell death, we conclude that pig-1 promotes apoptosis of the M4 sister independently of csp-1, csp-2 and csp-3 and hence through a caspase-independent pathway.
We next tested whether sptf-3 acts through pig-1 and egl-1 to promote apoptosis of other cells, namely the AQR sisters, g1A sisters and I2 sisters, all of which survive in sptf-3 and pig-1 mutants (Fig. 1f) . The wild-type pig-1 transgene rescued the defect in apoptosis of the AQR sister, g1A sisters and I2 sisters of pig-1(n4780) mutants, whereas the pig-1 transgene containing mutations in the consensus SPTF-3 binding motif (mut.1) did not ( Fig. 4a-c) . Thus, the consensus SPTF-3 binding motif of the pig-1 promoter region is necessary for pig-1 to promote apoptosis of the AQR sister, g1A sisters and I2 sisters, suggesting that SPTF-3 acts through pig-1 to promote apoptosis of these cells. 
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We also tested whether sptf-3 acts through egl-1 to promote apoptosis of these cells. Whereas the egl-1 transgene pTH01 rescued a defect in apoptosis of the AQR sister but not of the g1A sisters or I2 sisters in egl-1 mutants, the egl-1 transgene pBC08 (which overlaps only in part with pTH01) rescued the defect in apoptosis of the g1A sisters and I2 sisters but not of the AQR sister of egl-1 mutants ( Supplementary Fig. 9 ). Both of these egl-1 transgenes contain the SPTF-3 binding site required for M4 sister cell death. We therefore tested whether the SPTF-3 binding site is required for egl-1 to promote apoptosis of the AQR sister using pTH01 and of the g1A sisters and I2 sisters using pBC08. The wild-type pTH01 and pBC08 egl-1 transgenes rescued a defect in apoptosis of the AQR sister, g1A sisters and I2 sisters of egl-1 mutants (Fig. 4d-f) . The mutant pTH01 egl-1 transgene (mut.5) containing mutations in the SPTF-3 binding site of the egl-1 promoter region failed to rescue the defect in apoptosis of the AQR sister of egl-1 mutants, whereas the mutant pBC08 egl-1 transgene (mut.5) rescued the defect in apoptosis of the g1A sisters and I2 sisters ( Fig. 4d-f ). These results indicate that sptf-3 promotes apoptosis of not only the M4 sister but also of the AQR sister through caspase-dependent and -independent mechanisms through the direct transcriptional activation of egl-1 and pig-1, respectively.
We next determined how sptf-3 and pig-1 interact with other genes that specifically regulate M4 sister cell death. We previously reported that the C. elegans six family homeodomain protein CEH-34 and the eyes absent protein EYA-1 directly drive the transcription of egl-1 in the M4 sister to promote M4 sister cell-type-specific apoptosis 8 . sptf-3(n4850) synergistically enhanced the M4 sister cell-death defect of pig-1(gm344D) null mutants, whereas ceh-34(n4796) or eya-1(ok654D) only additively enhanced this defect ( Supplementary Table 3 ). These results indicate that sptf-3, ceh-34 and eya-1 function in pathways independently of pig-1, and that sptf-3 probably controls egl-1 at a cis regulatory site distinct from that used by the CEH-34-EYA-1 complex in the regulation of M4 sister cell death.
Mosaic animal
M4 I6 M5 M1 g1AR g2R ccAR ccPR I3 Gut Cells observed 5 ---- The pig-1(1) transgene carries the wild-type pig-1 genomic locus, and the pig-1 mut.1 transgene has mutations in the consensus SPTF-3 binding motif in the pig-1 promoter region, as described in Fig. 2d . The egl-1 transgene pTH01 contains 6.5 kilobases (kb) of the 59 promoter of egl-1, the coding region and 2.2 kb of the 39 of the stop codon of egl-1. The egl-1 transgene pBC08 contains 1.1 kb of the 59 promoter of egl-1, the coding region and 5.7 kb of the 39 of the stop codon of egl-1. pTH01 mut.5 and pBC08 mut.5 have mutations in the consensus SPTF-3 binding motif of the egl-1 promoter region, as described in Fig. 3c . g, Diagram of the M4 cell lineage. The cells in red were scored to determine the cell division at which the sptf-3-containing extrachromosomal array was lost in a mosaic animal. Shown are numbers of animals carrying the array in the indicated cell of 56 mosaic animals observed. Green circles, blastomeres in which the array was present. Black circles, blastomeres in which the array was lost. h, Examples of mosaic animals carrying an extrachromosomal array in the indicated cells. 1, extrachromosomal array present. 2, extrachromosomal array absent. i-p, Nomarski and epifluorescence images of a strain expressing a gfp::sptf-3 transgene. Scale bar, 10 mm. q, A model for the pathways that regulate M4 sister and AQR sister cellspecific programmed cell death.
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To identify the cellular site of sptf-3 action in the regulation of M4 sister cell death, we performed a genetic mosaic analysis (Fig. 4g, h) . We generated sptf-3(n4850) mutants carrying an extrachromosomal array containing an sptf-3-rescuing transgene marked with the cell-autonomous GFP reporters sur-5::gfp and unc-119::gfp (refs 11 and 12). Extrachromosomal arrays in C. elegans are mitotically unstable, resulting in mosaic animals that randomly lose the array in some cell lineages. We observed 56 mosaic animals that were not rescued for the defect in M4 sister cell death but that carried the array with the sptf-3-rescuing transgene. Among these 56 animals, we found two animals that retained the array in the blastomere MSpa, the great-great-great-grandmother of the M4 sister (MSpaaaaap), but did not find any animals that retained the array in the blastomere MSpaa, the great-great-grandmother of the M4 sister (Fig. 4g, h) , indicating that sptf-3 is required at or later than the stage of the blastomere MSpaa and seems to function cell autonomously to promote the death of the M4 sister.
To determine the temporal and spatial expression pattern of SPTF-3, we generated a gfp::sptf-3 transgene that encodes functional SPTF-3, as this transgene rescued the M4 sister cell-death defect of sptf-3 mutants (data not shown). GFP::SPTF-3 was expressed ubiquitously in embryos and early larval animals ( Fig. 4i-k and Supplementary  Fig. 10 ); its expression in the M4 neuron and g1A cells decreased during larval development (Fig. 4k, l and Supplementary Fig. 10a, b ). GFP::SPTF-3 was strongly expressed in the seam cells and the hyp7 cells ( Supplementary Fig. 10c, d) , consistent with the observation that overexpression of sptf-3 induced ectopic expression of pig-1 in these cells (Fig. 2g, h) . GFP::SPTF-3 localized exclusively to nuclei, consistent with the presumed function of SPTF-3 as a transcription factor. We detected GFP::SPTF-3 expression in MSpaa in embryos (Fig. 4i, m) and in the M4 neuron at the first larval stage (Fig. 4k, o) , indicating that the SPTF-3 expression pattern is consistent with our conclusion that sptf-3 functions cell autonomously to promote the death of the M4 sister.
Given the cell-autonomous function of sptf-3 and pig-1 (ref. 4), we tested whether expression of sptf-3 or pig-1 could induce apoptosis. Ectopic expression of the caspase CED-3 under the control of the mec-7 promoter caused the PLM neurons to die, whereas similar expression of either SPTF-3 or PIG-1 failed to do so ( Supplementary Fig. 11a ). Overexpression of SPTF-3 from a multi-copy array under the control of the sptf-3 promoter did not result in ectopic apoptosis of the seam cells, M4 neuron, AQR neuron, g1A cells and I2 neurons (Supplementary Fig. 11b, c) , all of which normally survive. Consistent with these observations, overexpression of SPTF-3 under the control of the sptf-3 promoter also did not cause ectopic expression of the pro-apoptotic BH3-only gene egl-1 ( Supplementary Fig. 12 ), embryonic or larval lethality (Supplementary Table 4 ). These results indicate that expression of neither sptf-3 nor pig-1 is sufficient to promote apoptosis and suggest that other factors are probably required for sptf-3 or pig-1 to promote apoptosis.
Our findings demonstrate that the apoptosis of the M4 sister cell is specified by at least two parallel pathways that function non-redundantly: (1) the caspase-dependent apoptotic pathway mediated by egl-1 and activated through direct transcriptional regulation by two different inputs, by sptf-3 or by ceh-34 and eya-1; and (2) the caspase-independent apoptotic pathway mediated by pig-1 and activated through direct transcriptional regulation by sptf-3 (Fig. 4q ). In this apoptotic regulatory network, a single transcription factor, SPTF-3, coordinates caspase-dependent and caspase-independent pathways to promote cell-type-specific apoptosis of the M4 sister and the AQR sister.
Our discovery that there is a common regulatory node for caspasedependent and caspase-independent apoptosis might identify a general mechanism for the regulation of cell-type-specific apoptosis and, if so, could have an important therapeutic impact, as both caspasedependent and caspase-independent cell-death processes (such as necroptosis) have been implicated in diseases as diverse as glaucoma, heart attacks and neurodegeneration [13] [14] [15] . Our finding that there can be a common regulatory node for the two pathways reveals a new possible approach to therapeutic intervention.
METHODS SUMMARY
C. elegans strains were cultured at 20 uC as described previously 16 . The N2 strain was used as the wild type. The mutations, integrations and extrachromosomal arrays used are described in Methods. sptf-3(n4850) and pig-1(n4780) were isolated as described 8 . Single nucleotide polymorphisms were used to map sptf-3(n4850) and pig-1(n4780) to a 136-kb interval (linkage group I: 13,340,839-13,477,415) and a 650-kb interval (linkage group IV: 1-657,968), respectively 17 . For ChIP-seq experiments, ChIP was performed as described 18 . The enriched DNA and input DNA were used to construct libraries for Illumina/Solexa DNA sequencing using HiSeq 2000. The reads were aligned with the C. elegans genome using the software Bowtie and analysed as described in Methods. All SPTF-3-bound regions are described in Supplementary Tables 1 and 2. 
